Improving our understanding of phosphorus (P)or nitrogen (N) fertilization on growth and nutritional status of two woody colonizer species, alder (Alnus crispa (Has.) Pursh) or aspen (Populus deltoides Marsh.), using de-inking paper sludge (DPS) as an organic soil amendment is an avenue to develop sustainable restoration. Factorial greenhouse experiments were therefore conducted to determine the best combination of DPS and fertilizer on growth and nutritional status of woody species grown in degraded soils. For alder, five level of DPS (0, 20, 40, 60 and 80% DPS) in clay substrate or four levels of DPS (0, 10, 20 and 30% DPS) in sand substrate were studied in combination with three levels of P (0, 0.75 and 1.5 g P kg -1 DPS). Similarly, the same levels of DPS in clay or sand substrates were studied in combination with four levels of N (5, 10
INTRODUCTION
The restoration, rehabilitation or revegetation of degraded sites, like sandpits, land disturbed by mining, etc. is required to avoid negative environmental impact. In the case of sandpits or mined lands, these sites support poorly plant establishment due to improper soil physical, chemical or microbial properties (Shuman and Belden, 1991; Schuman, 1999) . However, the addition of heavy load of fertilizers and organic amendments, such as woodchips, wood residues, straw, leaf, etc. (Shuman and Belden, 1991) , lead to more successful restoration due to improved water retention and bulk density, as well as restoring nutrient cycling and microbial functions. Up to now, most studies had concentrated on grass species using woodchips, wood residues, manure and straw for restoration projects (Schuman, 1999) , but woody species and wastes produced by paper mills need to be considered too. In fact, one in situ restoration project using paper sludge was a failure due to the lack of tree fertilizing knowledge (Bellamy, K.L. Ortech Corporation, personal communication).
The de-inking paper sludge (DPS), a waste produced during paper recycling, was selected to restore important pools of organic matter in degraded soil, since there are rich in carbon and their content in potentially toxic compounds is low (Beauchamp et al., 2002) . Used in agriculture and in restoration, DPS amendments increased yield and plant growth, soil C, soil water retention and soil cationic exchange capacity (CEC) (Chantigny et al., 2000; Fierro et al., 1997 Fierro et al., , 1999 Fierro et al., , 2000 Simard et al., 1998; Trépanier et al., 1996) . Finally, DPS provide materials serving as a long-term source of organic matter (Fierro et al., 2000) . However, negative effects of DPS have also been reported where plant nutrient deficiencies occurred (Fierro et al., 2000; Zibilske, 1987) . Since DPS are poor in phosphorus (P)and nitrogen (N), supplemental P or N fertilizers have to be considered to overcome the potential P or N deficiencies for N-fixing woody species or woody species. Based on other woody amendments, supplemental N may be added from 3 to 16 g N kg -1 depending on the amount of materials added to soil for most plant species (Allison et al., 1963; Dolar et al., 1972; Shuman and Belden, 1991) . However, little is known to overcome the N and P limitations of high rate of DPS for woody species.
Indeed, to insure the success of restoration projects, the selection of woody species must be on their capacity to growth in degraded soils amended with single heavy rate of fresh organic matter supplemented with fertilizers. Under such conditions, some impacts may be suspected on woody species. Therefore, to favor the reintroduction of woody species, it becomes essential to evaluate, under controlled conditions, the impact of organic amendments supplemented with fertilizer on their growth and nutritional status prior to their use in restoration studies. The purposes of this study were to determine the quantity of DPS to amend to clay or sand substrates, as well as to determine the quantity of supplemental P or N to obtain adequate growth and plant nutrition of one N-fixing woody species, Alnus crispa or one non N-fixing woody species, Populus deltoids.
MATERIALS AND METHODS

Substrate Components Analyses and Evolution
Chemical characteristics of DPS, clay and sand were determined separately. Samples of these components were dried at 37 °C for 48 h, sieved and grounded. Concentrations of total P, K, calcium (Ca) and magnesium (Mg) were determined by atomic absorption spectrophotometry (AAS; Perkin-Elmer 3300, Perkin Elmer, Boston, MA, USA), after digestion in a mix of HClO 4 -HNO 3 , by using 0.5 g substrate in a final volume of 100 mL (Isaac and Kerber, 1971 ).
Concentrations of the other elements (iron (Fe), Cu, Zn and aluminum (Al)) were determined by this same method using 1 g of sample. Exchangeable elements and available phosphorus were extracted using the Mehlich III method (C.P.V.Q., 1988) and measured by spectrophotometry.
Ammonium-nitrogen and nitrates-nitrogen were extracted using 1M KCl and measured with a Technicon. Total C and total N were determined by dry combustion (CNS-1000 Leco; Michigan, USA). The decomposed organic matter and non-decomposed matter as percentage of ash was evaluated by incineration (Bell, 1964) using 50 g samples for the clay substrate and 100 g samples for the sand substrate. Soil water pH and electrical conductivity (E.C.) measurements were taken from a 1:2 mix: (mass: volume), except for DPS where a 1:9 ratio was required (adapted from C.P.V.Q., 1988). All analyses were made in triplicate (Table 1 ). In addition, clay and sand substrates amended with DPS with and without supplemental fertilizer, were also analyzed in triplicate for pH and E.C. evolution using the same techniques at 0 and 4.5 months.
Plant Growth Experiments
Species used in the present study were alder (Alnus crispa (Has.) Pursh) and aspen (Populus deltoides Marsh.). One-year-old plants were produced in tree nurseries with alder plants being inoculated with Frankia sp.
For each species, one experiment was undertaken with clay and DPS substrate, and one examined sand and DPS substrate. For alder, two experiments concentrated on P fertilization, while for aspen, these two experiments concentrated on N fertilization. The split-factors for these experiments were the level of fertilization, as the main factor and the rate of DPS as the subfactor. Each experiment had 6 replicates consisting of one tree per 2.5 L pot. Rates of DPS, expressed on a volume basis, were 0, 20, 40, 60 and 80% for the clay substrate and 0, 10, 20 and 30% for the sand substrate. Also, to facilitate aeration for each pot, 20% perlite was added on a total volume basis.
The natural P and N contents in DPS (0.11 g P kg -1 DPS (d.w.) and 1.6 g N kg -1 DPS (d.w.); This basal fertilization was constant among the 0 g N kg -1 DPS treatments (Table 2) .
Supplemental fertilization was used to adjust DPS contents to 0.75 and 1.5 g P kg -1 (d.w.) (or 0.075 and 0.15% P) for alder and 5, 10 and 15 g N kg -1 (d.w.) (or 0.5, 1.0 and 1.5% N) for aspen.
With fertilization being based on the rate of incorporated DPS, quantities of supplemental P or N increased with an increase in DPS rate for calculated C:P ratio of about 3556, 510 and 255 or C:N of about 246, 77, 38 and 26 within one fertilizer level ( experiments, the dry mass of the aerial parts was weighed. The 4th, 5th, 6th and 7th leaves from the apex were also sub-sampled and weighed to determine leaf dry weight.
Leaf Analyses
Leaf samples from different repetitions were grouped to obtain three composite samples, i.e., repetitions 1 and 2, 3 and 4, and, 5 and 6. Leaf samples were dried at 60 °C for 48 h and digested in a mix H 2 SO 4 -Se (Isaac and Johnson, 1976 ), using 0.1 g of leaves in a final volume of 100 mL.
The concentration in P, K, Ca and Mg was made by AAS. Nitrogen content was measured by dry combustion (CNS-1000 Leco; Michigan, USA).
Data Analyses
Control treatments without DPS were used to evaluate upper and low growth limits for each species, based on the type of supplemental fertilization (P or N). The nutritional profile point at which minimal sustained growth occurred was retain as a point of reference to determine the lower rates of P or N required by substrate amended with DPS to sustain growth.
The test statistics for these factorial designs involved the use of multivariate analysis of variance, MANOVA (Morrison, 1976) . Firstly, the principal component analysis reduced the number of growth parameters (i.e., shoot dry mass, height and diameter increments) into one "growth factor" (Morrison, 1976) , that consolidated several growth terms into one excellent factor.
Secondly, this growth factor was then used to perform the Wilk's statistic to compare different treatments, using contrast comparisons. Since only the 0% DPS treatment had comparable fertilization treatment to that of the 20% DPS in clay substrate or the 10% DPS in sand substrate, these treatments were compared together. Then, the other treatments were compared with them.
Finally, the relationship between the "growth factor" (i.e., aerial dry mass, height and diameter increments, and leaf dry weight) and nutritional status was established by correlation analyses.
All these analyses were performed with SAS (SAS, 1990) .
RESULTS
Substrate Evolution
Initially, DPS amendment increased the pH of the clay substrate but, after 4.5 months, the pH remained stable or decreased slightly (Table 3 ). In contrast, DPS amendments to the sand substrate lowered pH. Supplemental P did not alter substrate pH. Supplemental N slightly decreased substrate pH but after 4.5 months, the pH remains stable or marginally lower. Initially, soil E.C. increased after DPS addition to the clay substrate, but was slightly lower in sand substrate (Table 3) . After 4.5 months, supplemental P did not alter substrate E.C., while supplemental N increased E.C.
Growth and Nutritional Status of Alder.
Clay substrate
Alder growth evolved differently in the presence of 20 to 80% DPS, and in the presence of P fertilization (Table 4 , Figure 1 ). When DPS was added to clay at more than 20%, a decrease in growth was noted in the absence of supplemental P. However, the rate of supplemental P sometimes resulted in greater growth compared to the control (Interaction DPS* P: P< 0.01; Table 4 ). Growth decreased from 20 to 40% DPS treatments, but increased from 40 to 60% DPS treatments, and again decreased from 60 to 80% DPS treatments. Nevertheless, growth increased linearly with increased P fertilization (Interaction DPS 20 to 80% C* PL: P< 0.01). The 60% DPS combined with 0.75 g P kg -1 DPS (d.w.) and, 40 and 60% DPS treatments combined with 1.5 g P kg -1 DPS (d.w.) helped the plants reach maximal growth in clay (Table 4 ; Figure 1 ).
There was a linear increase in the growth factor with increasing leaf N content (R 2 = 0.71 P< 0.0001; Figure 2) , and leaf N increased with P fertilization. Other nutritional elements were not linked to the growth factor. On average, leaf P (1.4 g P kg -1 ), K (9.5 g K kg -1 ), Ca (13 g Ca kg -1 )
and Mg (3.5 g Mg kg -1 ) content were not affected by the addition of DPS and supplemental P fertilization.
Sand substrate
On average, the growth of alder increased with supplemental P, reached a maximum and then decreased, regardless of the rate of DPS (DPS: NS; PQ: P< 0.01; Table 4 , Figure 3 ).
Supplemental P supported the growth of alder at both DPS rates, but growth was highest at 0.75 g P kg -1 DPS (d.w.) (Table 4 ).
There was a linear increase of the growth factor with increasing leaf N content (R 2 = 0.31 P< 0.01; Figure 4 ), and the increased in leaf N content was correlated to an increase in supplemental P fertilization. However, there was a linear decrease of the growth factor with increasing leaf K (R 2 =-0.73 P< 0.0001; Figure 4 ). Leaf K content was found to be more important in the 0% DPS treatment. In general, the other nutritional elements were not directly linked to differences in growth. Leaf P, K, Ca and Mg were not affected by the addition of DPS and P fertilization, with average contents of 1.2, 15, 16 and 3.0 g kg -1 , respectively.
Growth and Nutritional Status of Aspen
Clay substrate
The addition of DPS to clay soil resulted in a decrease in aspen growth, but the rate of and K content (17 g K kg -1 ); thereby N was a limiting plant growth. Other nutritional elements
were not linked to growth. On average, aspen leaves contained 1.1 g P kg -1 , 12 g Ca kg -1 and 2.9 g Mg kg -1 .
DISCUSSION
While the effects of DPS on crops performance and soil properties has been studied for grasses and legumes, high rates of DPS has not been studied previously for woody species. The present work showed evidence that high rates of DPS can be used as carbon soil amendment for restoration purposes. Still, N-fixing woody species should be selected for sustainable restoration field project to avoid the use of high rates of N.
Growth and Nutritional Status of Alder
In general, alder responded positively to DPS and P amendments. For clay and sand substrates, our study suggests that a supplemental 0.75 g P kg -1 DPS (d.w.) to the basal fertilization gives satisfactory plant growth regardless of the DPS content. Again, this situation was similar to the one reported by Fierro et al. (1997) who proposed 0.8 g P kg -1 DPS (d.w.) to avoid negative effects of DPS on growth and nutrition of N 2 -fixing legumes such as Galega and Melilotus. In addition, this value of 0.75 g P kg -1 DPS (d.w.) or 96 to 249 kg P ha -1 is still in the limit reported to sustain good growth and nutrition in alder (Gosz et al., 1973; Rustad and Cronan, 1988; Tisdale et al., 1993) .
Leaf N content in alder is optimal at 22 to 25 g kg -1 while leaf P content is optimal at 1.2 g kg -1 (Prégent and Camiré, 1985) . N deficiency in some plants not receiving additional P likely resulted from a lack of P. Phosphorus fertilization generally improved leaf N status. Indeed, Prégent and Camiré (1985) identified P as the major element affecting N status of Alder crispa and A. glutinosa. In sand substrates, leaf K was higher (10 to 20 g kg -1 ) than previously reported values of 6.9 to 8.5 g kg -1 (Camiré et al., 1983; Prégent et al., 1987) . This leaf K level did not appear to damage plants, but may result in some nutrient antagonisms.
Growth and Nutritional Status of the Aspen
This study determined that N fertilization was required in order to obtain satisfactory aspen growth in DPS amended clay or sandy soils. In general, for clay, a minimum of 10 g N kg -1 DPS (d.w.) or 555 to 2235 kg N ha -1 were required for amendments up to 60% DPS; while for sandy substrates 10 to 15 g N kg -1 DPS (d.w.) or 315 to 1155 kg N ha -1 were required regardless of the percentage of DPS. In both cases, the C:N ratio need to be reduce below 36 for satisfactory growth. This study indicates that supplemental fertilizations from 10 to 15 g N kg -1 is required to insure best plants growth (Campbell et al., 1995; Dolar et al., 1972; Henry, 1991) . It is also similar to the 9 g N kg -1 DPS (d.w.) required for the highest production of grasses, such as
Agropyron, Alopecurus and Festuca (Fierro et al., 1997) , but higher than the 2.5 to 5.0 g N kg -1 or up to 2000 kg N ha -1 of wood residue for good grass production (Schuman, 1999) . The nature and the speed of decomposition of the wood residue could explain these differences.
In addition, supplemental N was also important for nutritional status. Thus, for clay and sand substrates, it was necessary to add at least 10 g N kg -1 DPS (d.w.). For aspen, Bernier (1984) suggested that N leaf contents of less than 20 g N kg -1 resulted in N deficiency. Also, nutritional deficiencies appeared in aspen when leaf contents were below 2.5 to 3.0 g kg -1 for P, 15 to 20 g kg -1 for K, 6 to 10 g kg -1 for Ca and 1.7 to 2.0 for Mg (Bonneau, 1988) . In general, when DPS was added to soil without supplemental N, leaf N, P or K content was outside acceptable limits for growth underscoring the importance of supplemental fertilization.
It is possible that plant nutrient immobilization is the principal limitation in DPS as an organic amendment for most plant species (Fierro et al., 2000) . Other possibilities, such as higher substrate pH and salt concentrations could explain poor plant growth (Campbell et al., 1995; Dolar et al., 1972) . After 4.5 months, experiments showed little variation in pH and E.C.
However, for aspen in clay substrate amended with 80% DPS and 15 g N kg -1 DPS (d.w.) or 2955 kg N ha -1 , plants dropped their leaves at the beginning of these experiments. This leaf drop may be attributable to ammonia volatilization (NH 3 ) or N toxicity (Tisdale et al., 1993) . to reduce the C:N ratio at 38 to 26, to obtain satisfactory growth and adequate leaf nutrient content. Also, to allow aspen growth, a maximum of 60% DPS should be incorporated into clay substrates. So, for further restoration studies, the total amount of N to be used should be considered, and the high rates of N should not be considered for further experimentation. The results from these studies provide useful information for developing sustainable restoration strategies using single heavy application of organic matter, but the woody species and the amount of DPS amended to soils need to be considered to sustain plant growth and nutrition and to limit the amount of N applied to the environment. 
